INTRODUCTION
Previous workers (1) (2) (3) (4) (5) have grown various normal adult tissues in vitro and have found that these cultures resemble those from embryo tissue, but are harder to maintain.
In this and subsequent papers a study of dormant adult tissue will be described. The dormancy is characterized by the lag period preceding the onset of growth in vitro. Adult chicken aorta has a lag period of 3 to 5 days before the first new fibroblasts can be seen, while embryo tissue starts to grow in a few hours (6) . In this paper it will be shown that digestion of the tissue with trypsin not only shortens this lag period (i.e., overcomes the dormancy) but also increases the growth rate.
EXPERIMENTAL
Our methods differed from the standard tissue culture technique (7) (8) (9) (10) (11) (12) in the following details: In each experiment a chicken was bled aseptically from the carotid artery (aided by suction) and was then killed either by clamping the trachea, or with ether. Using sterile technique the thoracic aorta was removed, TExT-FIG. |. A sterile gas injector for introducing CO2-air mixtures into flasks or tubes. Steam from boiler tube, H, keeps nozzle, E, sterile. The gas mixture from bottle, A, is sterilized by passing through sterile cotton, D, and is injected into the culture flask through E. The stopper of the flask can be placed in the sterile cup, J.
TExT-FIo. 2. Amount of growth corresponding to the indicated ratings
Intermediate ratings of l-b, 2-t-, 3-1-, and 4-{-(equalling 1.5, 2.5, 3.5, and 4.5 respectively) were also used.
The sum of the ratings of the sixteen colonies in a flask gave the "growth value" of that flask. Each value in this paper is the mean of two duplicate flasks (thus representing 32 pieces of tissue).
Enzyme Solutions
The trypsin solutions were prepared as described below and were then sterilized by Berkefeld filtration and stored in the refrigerator.
Fairckild's trypsin was made up as a 1 per cent suspension, filtered through paper, then through a Berkefeld filter, and kept as a stock solution. This "1 per cent" solution was diluted with 9 volumes of Tyrode solution before using.
A "purified trypsin" was prepared from Fairchild's trypsin by fracfionation with ammonium sulfate. It was dialyzed against water, then against Tyrode, and used without further dilution.
Northrop's crystalline trypsin and chymotrypsin ~ were made up to 1 per cent solutions in 0.003 ~ HC1 and dialyzed against water; against saturated sodium chloride; then against water; and finally against 0.003 ~ HC1. They were diluted with Tyrode before use.
Papain solution was prepared as a 1.5 per cent solution. This was activated by adding one-fifth volume of a neutralized 1 per cent solution of cysteine hydrochloride and heating 1 hour at 36°C. In using this on a tissue a sufficiently low pH was obtained by introducing a 40 per cent COs-air mixture. This did not materially injure the tissue.
Activity of Trypsin.--The proteolytic activities of the trypsin solutions were determined by digestion of casein solution using the procedure of Northrop and Kunitz (13).
5.0 ml. of 5 per cent casein solution was warmed to 35.5°C. 1.0 ml. of enzyme solution (or 0.5 ml. diluted to 1.0 ml.) was added. The mixture was maintained at 35.5°C. for 20 minutes. Trlchloracetic acid was then added and the nonprotein nitrogen was determined. The weight of non-protein nitrogen liberated per milliliter of the enzyme solution was taken as the measure of activity.
Treatment of Cultures uritk
Trypsin.--To each flask culture 1 ml., or less, of 0.1 per cent Fairchild's trypsin solution (in Tyrode) was added. The flasks were placed at 37°C. and observed at frequent intervals. As soon as the digestion in a given flask had reached the ceils the fluid was quickly drawn off and fresh plasma was added. Sometimes when the digestion was slow, the fluid was replaced with serum at the end of 4 hours, and the treatment repeated the next day. Caution was then necessary to prevent complete liquefaction of the dot.
These crystalline enzymes were obtained through the kindness of Dr. John H. Northrop.
Stimulation of Fresh Tissues by Trypsin
There is a lag period of 3 to 5 days before the first growth of fibroblasts can be seen from adult chicken thoracic aorta which has been planted in a medium of diluted plasma and kept at 37°C. But if the abdominal aorta (Table I) , adult liver fibroblasts and epithelial ceUs (Table II) , adult thyroid (Text- fig. 3 ), muscle fibroblasts (Text- fig. 4 ), and dog granulation tissue 8 (Table III) .
Rous sarcoma tissue was sthnulated by trypsin treatment (Text- fig. 4 ) even though the untreated tissue had no lag period. Of a number of human brain tumors ~ which were studied one meningioma grew 15 per cent faster after 2.5 hours in trypsin at 37°C., and one glioma was slightly stimulated (not evaluated).
The stimulation of initial growth of dormant tissue seemed to depend upon obtaining just sufficient digestion of the tissue. Too much digestion killed the tissue. At the optimum point the tissue was perceptibly softer (but we do not believe this softness caused the stimulation) and was more translucent as seen under the microscope. It sometimes contained visible round cells which later developed into fibroblasts. 5 The digested aorta tissue, when stained with hematoxylin, was seen to have lost its mucoid material. The digestion removed 10 to 20 per cent of the nitrogen from the tissue with a corresponding increase in the nitrogen of the digestion fluid. There was considerable variability between chickens in the susceptibility of their tissues to digestion and this did not seem to be related to age, sex, or breed.
T~xT-FIo. -fig, 4 ). There was no significant difference between the Tyrode controls and the untreated controls.
Temperature of Treatment.--Usually a slow action at a low temperature stimulated better than the faster digestion at higher temperature. (to tryptic digestion) of aorta and of casein were independent of temperature then the three points of each experiment would lie in a horizontal line. (The height of the line is not important.) If we take 22°C. as a standard then the experimental results show that the susceptibility to digestion was relatively greater for aorta than for casein at 36°C. and considerably greater at S°C. In other words, aorta was more readily digested at refrigerator temperatures than would be expected from observations on casein.
Incubation of tissue in serum ultrafiltrate (or serum) before trypsin digestion produced a much better stimulation than the same treatment after the digestion (Text-fig. 7 ). The serum nltrafiltrate contains a stimulant (the "A factor"; see later paper (17) ), needed for the initial growth of adult tissue. The A factor may render the cells more susceptible to the stimulating action of trypsin. The presence of this agent during the digestion increased the stimulation only 10 per cent. However, the presence of serum in the trypsin solution prevented digestion and gave a stimulation only equal to that of serum alone.
Stimulation of Tissue Cultures by Trypsin
Flask cultures of adult chicken aorta fibroblasts which have reached a state of partial degeneration and retarded growth have been treated with trypsin until the plasma clot has been digested sufficiently to expose some of the cells. Fresh plasma was added and allowed to clot. There was an immediate vigorous stimulation to renewed growth (while control .cultures failed to grow appreciably whether they were washed with heparin plasma, serum, serum ultrafiltrate, Tyrode solution, or embryo extract; or if untreated). Plate 1 illustrates one of many such cultures. This untreated 11 day culture had not grown for 3 days and was partly degenerated when treated with trypsin. Fig. 1 was taken immediately after digestion; Fig. 2 after 20 hours, and Fig. 3 after 3 days.
Similar stimulation has been obtained with cultures of Rous sarcoma, Walker rat sarcoma 319 cultures, e and a human meningioma culture.
Weekly digestion with trypsin (and intermediate washings with serum or serum ultrafiltrate) has made it possible to maintain adult cultures in the same flasks for long periods; but this is not recommended owing to the difficulty of controlling the digestion.
The gentle digestion, by leaving the colonies more or less intact, has made it possible to study the stimulating mechanism (see below). It has no similarity to the drastic digestion of embryo cultures by Rous and Jones (14) and by Rous, McMaster, and Hudack (15) .
Mechanism of the Trypsir~ Stimulation of Fresh Tissues
Considering first the action of trypsin on fresh tissues (rather than on cultures) three explanations suggest themselves: r First, the stimulation might be due to protein split products which Baker and Carrel (16) showed would stimulate active cultures of embryo fibroblasts. Second, the stimulation might be due to lipase or some other impurity in the Fairchild's trypsin, and not due to its proteolyric action. Third, the trypsin might stimulate solely because of its proteolyfic action on the tissue. It might be thought that the softening of the tissue is mechanically responsible for the stimulation of growth. We do not believe this plays an important r61e. Hardness cannot account for the dormancy of adult tissues, hence softness cannot account for the onset of growth. Soft tissues such as liver or brain have as long a lag period as the firm aorta tissue. It may be seen in Table III that none of the dog granulation tissue grew without the action of trypsin, in which case the firmer tissue grew faster.
Protein Digestion Products.--Our
Furthermore, the dormant cells in an old culture flask are surrounded, before digestion, with a medium much softer than the aorta tissue after digestion. What is more, growth is generally better in firm plasma clots than in soft ones. These tissues grew as well as, and sometimes better than, the unwashed ones. Fig. 8 gives an example. 8 Note the growth on the 4th day. It is seen that both of the trypsin treated tissues were markedly stimulated (as compared with the control) but the tissue which was washed after the digestion grew much faster in spite of the removal of digestion products. Had the stimulation been due to the digestion products the reverse effect would have been observed. It might be supposed that some of the digested proteins remained
Text- fig. 8 should not be confused with Text- fig. 7 . In one case the tissue was washed in Tyrode solution at 0°C. In the other case the tissue was incubated at 37°C. in the presence of the stimulating "A factor." in the tissue despite the washing. However, we have found that the digestion fluid does not stimulate, but on the contrary is slightly inhibitory (see the following paper). The possibility of stimulation due to trypsin retained by the tissue is remote, since trypsin incorporated in the clot of a culture does not stimulate, and furthermore tissue which has been insufficiently digested has a good opportunity to adsorb enzyme--but is not stimulated. Hence we may discard the idea that the trypsin stimulated the initial growth of adult tissue because of protein split products. 9
Impurity Versus Proteolytic Adion.--The suggestion that the crude trypsin, which we first used, contained an impurity (such as lipase l° or another enzyme, or some non-enzymatic substance) which produced the stimulation, is untenable in view of the results obtained by comparing enzymes of different degrees of purity. In Table IV are the relative activities of three trypsin solutions, as tested on casein. The values in the last column indicate what concentrations of the three enzymes should have equal proteolytic activity, u The three enzyme solutions were then diluted to these (equally active) concentrations and tested on adult aorta tissue. The subsequent growth of these tissues, as indicated in Fig. 9 , shows that the three enzyme solutions produced about equal stimulation. The first trypsin solution had been kept 11 months and contained 4.5 times as much solid matter per unit of activity as did the second solution. The third was a purified trypsin. Hence the amounts of impurities were quite different in the three solutions, but since the activities were about equal, and the stimulations were practically equal, it would appear that the stimulation depends upon proteolytic activity.
Similar results were obtained in another experiment in which Northrop's crystalline trypsin and some of his crystalline chymotrypsin were compared with commercial trypsin. In Table V the activities of these solutions toward casein were compared. The concentrations for equal proteolytic activity are given in the last column, n These concentrations of the enzymes when used on aorta tissue produced about equal stimulation as seen in Fig. 10 . The two solutions of Northrop's crystalline trypsin were prepared separately from the same solid material.
Papain.--In Fig. 11 it will be seen that papain stimulates the growth of adult tissue in the same manner that trypsin does. Hence the stimulation seems to be purely one of proteolysis. Owing to the necessity of treating the tissue at a lower pH with papain than with trypsin it was not attempted to compare their activities quantitatively.
Inhibitor.--If we accept the above data as indicating that these enzymes stimulate because of their proteolytic activity we are confronted with a new question, namely, why the digestion of tissue protein should stimulate growth. We suggest that the enzymes digest away an inhibitory protein material, and thus remove it from the environment of the cells. The following paper will show that the digestion fluid contains an inhibitor.
Mechanism of Trypsin Stimulation of Tissue Cultures
Returning now to the stimulation of tissue cultures (see Plate 1) several explanations suggest themselves. It might be supposed that the stimulation resulted from the products of protein digestion (16) . However, washing away the digestion fluid before adding the new clot resulted in only a slight decrease in the stimulation. This indicated that the digested proteins did aid the growth slightly but that they played only a minor r61e. 9 Furthermore, the addition of digested plasma TM to cultures in an advanced state of growth failed 12 This digested plasma was obtained by digesting plasma clots in Carrel flasks under conditions identical with digestion of the plasma medium of cultures (except that no tissue was present). The enzyme in this digest was not heat killed but control experiments showed that the enzyme could not have been toxic to these ceils.
to produce any conspicuous stimulation (although similar cultures were definitely stimulated by digestion to immediate and prolific growth).
These conclusions are further substantiated by many observations on partly digested cultures. Within a given culture marked stimulation was obtained only in those portions where the digestion had removed the clot in close proximity to the cells. Had the digestion products been the sole cause of this stimulation then these products should have also diffused through the slightly thicker clot in other parts of the same culture--but in reality these other portions were only slightly stimulated, if at all.
It might also be supposed that renewal of the plasma clot added some needed material, but washing the cultures with serum (or heparin plasma) failed to stimulate in the way that trypsin did. Hence if serum (or plasma) contains such a needed material it must be too slowly diffusible to pass through the medium. The only poorly diffusible stimulant in plasma that we know of is globulin (17) , and this is only mildly active, especially in the presence of albumin. Renewal of the fibrin cannot be essential since the new growth can extend into unused portions of the old clot to some extent.
We have found only one explanation which fits our observations, namely that the old clot immediately surrounding each cell contained inhibitory material which was too poorly diffusible to be washed away. The trypsin in digesting the clot dissolved the inhibitor with it.
It seems unlikely that such an inhibitor could have been produced by the plasma. Aging of plasma (in the ice box) for a year does not materially affect its ability to support growth (unpublished data) and plasma that had been incubated several days before use was still stimulating. Hence this inhibitor, if it exists, is a product of the cells.
SD~aM~.I~Y
Adult tissue is characterized by a lag period of several days preceding the onset of growth in vitro.
Treatment of fresh adult tissues with trypsin before planting them in culture flasks stimulated the tissues to grow sooner and more rapidly.
Best stimulation was obtained by slow digestion at low temperature. The tissues lost nitrogen during the digestion. Lowering the temperature from 22°C. to 5°C. reduced the digestion of aorta tissue much less than it reduced the digestion of casein.
Washing the tissue after trypsin treatment resulted in better stimulation.
Trypsin solutions of different degrees of purity, when diluted to equal activity toward casein, gave equal stimulation to the tissue growth. These included solutions of Northrop's crystalline trypsin and chymo-trypsin.
Papain also stimulated growth in a similar manner.
The results indicate that this stimulation of tissue growth is due entirely to proteolytic action.
Cultures of adult fibroblasts (and some tumor cultures) having reached a state of retarded growth have been treated with trypsin to digest away most of the plasma clot (used as a medium). Fresh plasma has been added to renew the clot. This treatment has resulted in an immediate renewal of growth.
Reasons are given for supposing that the cells produce an inhibitor in vitro which they deposit in the surrounding clot, and which is removed by the action of trypsin.
